The central (foveal) retina takes about 30 milliseconds longer to signal to the brain than the peripheral retina.
In the natural world, a 30 millisecond delay could have real consequences. Why did evolution do it this way?
We all know that we see better in central vision than in peripheral, but few of us realize how truly bad is our acuity in the periphery. Ten degrees away from our fixation point we can barely count an examiner's fingers, in most states the ophthalmologists' threshold for legal blindness. A big part of the reason is that the density of certain retinal neurons falls precipitously away from the fixation point. Although the loss in acuity is sometimes erroneously blamed on a fall in the density of cone photoreceptor cells, the real culprit is the retinal ganglion cells -the last cells in the retina, whose bundled axons make up the optic nerve. They are the sparsest elements in the chain, and thus are limiting for visual acuity over most of the retina. However, this is not all you need to know about the central retina and the periphery. The neurons of the central retina send different kinds of message than those sent in the peripheral retina. In a recent issue of Cell, Sinha and colleagues [1] report a surprising difference between the two regions. In its bare essentials, the retina transmits signals by a three-neuron pathway. Photoreceptor cells (rods and cones) detect light. They synapse upon a second type of neuron, the bipolar cell. The bipolar cell in turn synapses upon the retinal ganglion cells. Signals traveling down this path are modified by other neurons, notably those termed amacrine cells (reviewed in [2] ).
The circuitry of the central retina is simpler than the circuitry of the peripheral retina. In a specialized part of the central retina, the fovea, each cone photoreceptor (rods were not involved in this study) synapses upon a single bipolar cell, which synapses upon a single ganglion cell. But in the peripheral retina, there is convergence: the output of several cones is collected by a ganglion cell, so that each ganglion cell is viewing a larger piece of the visual image (Figure 1) . It is that convergence that makes the peripheral retina less sensitive to fine detail.
It has usually been assumed that all cones are the same in their fundamental biophysics. But foveal cones differ structurally from peripheral cones. In evolution's relentless search for sharp central vision, the circuits of the inner retina are pushed to the side, so that the light-sensitive part of the cones gets a direct shot at the light: In the rest of the retina, light has to pass through the retinal circuitry before hitting the rods and cones and this inevitably adds some scatter to the light [3] . Thus, peripheral cones have a short axon and foveal cones have a much longer one. Otherwise, however, central and peripheral cones were thought to be the same.
In previous studies, indirect evidence from perception experiments [4] suggested that there was something quick about the peripheral visual field -there were hints that flickering lights could be resolved at higher frequencies. More concrete evidence came from Solomon and colleagues [5] in recording directly from the retinal ganglion cells. They found that retinal ganglion cells in the periphery could follow faster modulations of the visual input than ganglion cells nearer to the fovea. Because all types of retinal ganglion cell showed this difference, Solomon et al. presciently suggested that the advantage of peripheral ganglion cells was due to ''an enhanced high frequency response in outer retina, before the [different ganglion cell] pathways diverge.'' Sinha et al. now show that this is precisely the case: their surprising result is that foveal cones respond to light much more slowly than cones located in the periphery. They begin by confirming the relative slowness of foveal ganglion cells, using isolated monkey retinas maintained in vitro. They then set out to understand the source of this slowness. An immediate candidate (on the assumption that all cones are the same) would be inhibition of the bipolar cell pathway by the inner retina's amacrine cell networks, known to modulate bipolar cell pathways in other places. Instead, they show by a series of elegant and definitive experiments that inhibitory inputs do not importantly impinge on either the bipolar cells or the ganglion cells of the fovea, though they are easily shown to be present in the periphery, where they regulate the gain of the ganglion cell response. The original puzzle is solved when they record directly from cones and show that peripheral cones respond to light more quickly than foveal cones. The mechanism of this difference is not clear, but it appears to reside in the chain of biochemical reactions by which the capture of a photon is signaled to the rest of the cone.
The difference in response time is substantial, with a time to peak for the cone's response of 60 milliseconds in the fovea and only 30 milliseconds in the periphery. Note here that the time taken for phototransduction accounts for the large majority of the retina's total delay in sending a signal to the brain. Thus, the slowness of cone photoreceptors in the fovea essentially doubles the total time required for a message about light to be transmitted centrally. In practical terms, an Olympic boxer's punch traveling at 10 meters per second [6] takes around 50 milliseconds to reach his opponent's face. An extra 30 millisecond delay in the opponent's vision would make a difference.
Why is the retina built this way -what good is the slower response in the fovea? If evolution can build a fast cone for the periphery, why didn't it put fast cones in the fovea? One possibility is that a slow response in the fovea is an advantage: the foveal cones integrate their inputs over longer times, a smoothing that may increase the reliability of the cone's output to the bipolar cell in the part of the retina where our most acute vision is happening. Alternatively, the slowness of response There are two main specializations in the central retina. First, the central retina contains a specialized region, the fovea, in which each cone photoreceptor has a private line to the rest of the retina: when a cone synapses on a bipolar cell, that cell then synapses on one retinal ganglion cell. In the peripheral retina there is progressive convergence of several cones onto a bipolar cell. Second, in the fovea a long axon separates the synapse of a cone from the light-sensitive portion of the cone. Light can thus reach a foveal cone without having to pass through the neurons of the inner retina. Both of these specializations serve to increase the spatial resolution of the central retina.
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Current Biology Dispatches could be a necessary adjustment to the presence of a long axon. This axon will filter rapidly varying signals, a biophysical consequence of the membrane capacitance [7] . In that case the slower responses in the fovea will tend to preserve the size of the final output that gets to the bipolar cell: the long axon will act like a lowpass filter, so that slow signals are transmitted better than fast ones. Remember that the long axon exists for purely optical reasons, to keep the inner retinal circuitry from scattering light and allow close packing of the cones' lightsensitive outer segments. Thus, the evolutionary trade-off would sacrifice sensitivity to rapid signals as an indirect cost of maximal spatial resolution. In the first interpretation, slow integration is intrinsically a good thing. In the second, the slow response is a necessary evil, where speed is sacrificed in order to allow something (acuity) more important. And of course, both things could be true.
A separate but important technical point is made by Sinha et al., who used high resolution fluorescence microscopy to compare the inhibitory input to ganglion cells in the fovea with those in the periphery. Their result (few inhibitory receptors on foveal ganglion cells) agrees with their physiology but conflicts with earlier studies using electron microscopy [8] [9] [10] . Because their technique strains the limits of light microscopy, more information will be needed to get to the bottom of this. But Sinha et al. make the important general point that the booming connectomics industry [11, 12] is at present stuck with the assumption that structurally similar synapses all have the same weightsomething unlikely to be correct. We need more test cases, situations in which electron microscope images of specific synapses can be linked to their chemical neuroanatomy and their behavior in transmitting information.
